In this study, Electro-Fenton (E-Fenton) reactions at pH 3.0 were initiated by cathodic generation of H 2 O 2 , with subsequent production of OH following the addition of Fe(II) or Fe(III) ions into the system. The variation in concentrations of H 2 O 2 , Fe(II), total Fe and OH following addition of Fe ions into the E-Fenton system was investigated over a range of conditions. A kinetic model incorporating the key processes operating in the E-Fenton system was developed with particular attention given to (i) cathodic generation of H 2 O 2 and anodic formation of OH, (ii) production of OH via homogeneous Fenton reactions, and (ii) surface reactions including electro-sorption of Fe ions and cathodic reduction of Fe(III) to Fe(II) species resulting in the enhancement of production of OH via surface-located Fenton reactions.
INTRODUCTION
The classical Fenton reaction, achieved by mixing hydrogen peroxide (H 2 O 2 ) with a soluble Fe(II) salt, has been investigated since the end of the 19th century. Under acidic conditions, this homogeneous Fenton reaction generates hydroxyl radicals ( OH) that can non-selectively oxidize most organics to non-toxic products [1] . Due to the relative ease of handing the reagents involved in this process and the effective performance that can be achieved at low cost, homogeneous Fenton reactions have been widely applied in water and wastewater treatment [2, 3] . However, the classical Fenton process produces large amounts of ferric oxyhydroxide sludge with the formation of this solid byproduct inhibiting the catalytic role of iron in generating OH [4] . In addition, neither the risks related to the transport, storage and handling of H 2 O 2 [5, 6] nor the difficulty in optimizing the dosing of the key reactants of Fe(II) ions and H 2 O 2 [7] can be neglected, particularly when it is recognised that overdosing of H 2 O 2 leads to consumption of OH. One approach to resolving these issues involves the in-situ cathodic generation of H 2 O 2 , the cathodic reduction of Fe(III) to Fe(II) species and, in instances where a sacrificial anode is used, the in-situ generation of Fe(II) [8] . This socalled Electro-Fenton (or E-Fenton) process combines the advantages of both the classical Fenton process and electrochemical processes since the cathodic reduction of Fe(III) species can result in (i) the continuous regeneration of Fe(II) at the cathode thereby minimize the production of iron oxyhydroxide sludges, (ii) the insitu production of H 2 O 2 thereby avoiding the risks associated with the manipulation and overdosing of H 2 O 2 , and (iii) the anodic production of Fe(II) ions (though Fe(II) ions can of course be added independently if a sacrificial anode is not used). The E-Fenton process has now been relatively widely tested and found, once optimized, to lead to essentially complete mineralization of wastewater organics at a reasonable cost [9, 10] .
The generally accepted mechanism for the E-Fenton process involves the initial cathodic generation of H 2 O 2 (Eq. (1)) and/or sacrificial anodic production of Fe(II) ions (Eq. (2)) [11] .
Cathode :
Sacrificial Anode : Feð0Þ ! FeðIIÞ þ 2e À
No matter whether H 2 O 2 and Fe(II) are added externally or generated in-situ by the E-Fenton system, the strongly oxidizing OH is typically considered to be generated by the homogeneous Fenton reaction (Eq. (3)) [8] with degradation of organics resulting from reaction with OH.
Although the generated Fe(III) can be further reduced by H 2 O 2 (Eq. (4)) and hydroperoxyl radical (HO 2 ) (Eq. (5)) to reproduce Fe (II) and thereby reinitiate the Fenton "cycle", the relatively slow rate of the reaction of Fe(III) and H 2 O 2 (Eq. (4)) (with a rate constant that is approximately four orders of magnitude lower than that of the reaction of Fe(II) and H 2 O 2 (Eq. (3)) [12] ) and low steady-state concentration of HO 2 under acidic conditions [13] result in a relatively rapid consumption of Fe(II) in classical Fenton systems.
In the E-Fenton system, however, Fe(II) can be regenerated via the reduction of Fe(III) at the cathode (Eq. (6)) [14] [15] [16] thus contributing to enhancement of the catalytic role of iron in the process; i.e.
Cathode :
FeðIIIÞ þ e À ! FeðIIÞ
Under some conditions, OH may also be produced directly by the oxidation of water (Eq. (7)) at the anode [17] .
Anode :
To date, most studies of the E-Fenton process have focused on experimental optimization of the removal of pollutants under different conditions [18] , and the improvement of degradation performance using decorated electrodes [19] [20] [21] [22] with, at best, qualitative consideration given to the kinetics and mechanism of the degradation of particular contaminants (such as dyes [23] and pesticides [24] ). Unfortunately, very little quantitative information on the complex interplay that is likely to occur between H 2 O 2 , Fe (II) and Fe(III) species, HO 2 and OH in the E-Fenton system is available with this lack of detailed understanding seriously compromising our ability to optimize the performance of the E-Fenton system. As such, we focus in this work on obtaining a better understanding and, to the extent possible, quantification of the interactions between soluble and surface Fe(II) and Fe(III) species and reactive oxygen species (H 2 O 2 , HO 2 and OH) occurring in the E-Fenton process.
MATERIALS AND METHODS

Reagents
All solutions were prepared using ultrapure 18 MV cm Milli-Q water (MQ, Millipore). Analytical grade chemicals were purchased from Sigma-Aldrich (or as otherwise stated) and used without further refinement. 100.0 kU L À1 horseradish peroxidase (HRP) for H 2 O 2 determination were prepared and stored at À80 C when not in use. 10 .0 mM Fe(II) and Fe(III) stock solutions were prepared by dissolving an appropriate amount of ferrous sulphate (FeSO 4 ) and ferric sulphate (Fe 2 (SO 4 ) 3 ) in acidified MQ (pH $2), respectively. A 50.0 mM ferrozine stock solution was prepared for the determination of Fe (II) and total Fe. A 1.4 M hydroxylamine hydrochloride stock solution was prepared in a 2 M HCl solution. A 0.55 mM phthalhydrazide (Phth, 99%, Aldrich) solution (for hydroxyl radical trapping) was prepared by stirring at 45 C for several hours until solid was no longer visible. Diperiodatocuprate(III) (DPC) (used for "triggering" light release from the trapped hydroxyl radicals) was synthesized following a previously published method [25] .
Experimental Setup
The E-Fenton experiments were conducted in an open, glass cubic cell at room temperature (22 C) . Graphite sheets with a working surface area of 40 cm 2 and a thickness of 0.2 cm were used as electrodes in this E-Fenton system. 300 mL of electrolyte containing 0.02 M sodium sulfate was added to the cell with the initial pH of the solution adjusted to 3.0 by using 1 mM sulfuric acid. A DC power supply with constant voltage and current of 1.0 V and 0.5 mA, respectively, was used for E-Fenton experiments. To initiate the E-Fenton reaction, certain amounts of Fe(II) or Fe(III) stock solutions were dosed into the electrolyte solution following thirty minutes of air sparging ($20 L min À1 ) using an air pump (Air2000-5, UniStar) in order to ensure that the electrolyte was airsaturated. Fe(II) and Fe(III) concentrations of 5 and 10 mM were used in initial studies with the ion activity products at pH 3.0 well below the solubility product for Fe(OH) 2 (s) (log K s = À15.1) and amorphous FeOOH(s) (log K s = À38.2), respectively [26] , indicating that Fe precipitation is not expected to occur under the experimental conditions used. According to calculations using the equilibrium speciation program Visual Minteq, Fe 2+ (42.7%) and FeSO 4 (aq) (57.3%) are the dominant Fe(II) species present while the major Fe(III) species present are Fe 3+ (2.0%), FeOH 2+ (5.8%), Fe(OH) 2 + (0.5%), FeSO 4 + (76.8%) and Fe(SO 4 ) 2 À (14.8%).
Determination of H 2 O 2
H 2 O 2 concentrations were measured using the Amplex Red method [27] . Specifically, AR is oxidized by H 2 O 2 in the presence of HRP, leading to the formation of a highly fluorescent product that emits light at 587 nm upon excitation at 563 nm allowing the quantification of H 2 O 2 in the solution. Samples for H 2 O 2 determination were manually withdrawn from the reactor and then mixed in a quartz cuvette with AR/HRP stock solution at final AR and HRP concentrations of 2.0 mM and 1 kU L À1 , respectively.
The fluorescence of the sample was measured in a Cary Eclipse spectrophotometer using settings described previously [28, 29] . For H 2 O 2 quantification, a calibration curve encompassing H 2 O 2 concentrations over the range of 75-600 nM was obtained.
Determination of Fe(II) and Total Fe
The concentrations of Fe(II) and total Fe were measured by the ferrozine method [30] . A 60 mL aliquot of 50 mM ferrozine was added to a 1 mL sample to bind Fe(II) and the absorbance of the resultant Fe(II)-ferrozine complex determined at 562 nm using a Cary50 UV-Vis spectrophotometer. The total Fe concentration was measured after reducing any Fe(III) species present to Fe(II) followed by colorimetric determination. The reduction was achieved by adding 180 mL hydroxylamine hydrochloride stock solution into the mixture containing the sample and ferrozine and allowing twenty minutes for the reaction to proceed to completion.
OH Determination
OH was ascertained by a "trip-and-trigger" method where E-Fenton generated OH reacted with Phth to form the chemiluminescing 5-hydroxy-2,3-dihydro-1,4-phthalazinedione (Phth-OH) [31, 32] . A peristaltic pump was used to separately deliver the samples containing 0.55 mM Phth and the mixture of DPC and H 2 O 2 into the flow cell of a FeLume CL system (Waterville Analytical) at a flow rate of 3.8 mL min À1 . The system was calibrated by the addition of homogeneous Fenton generated Phth-OH stock into the electrolyte.
Electrochemical Characterization
Cyclic voltammetry (CV) of the electrolyte (20 mM NaSO 4 ) in the absence and presence of 1 mM Fe(II) at pH 3.0 was undertaken using a CHI 650D Electrochemical Workstation with a graphite rod (0.2 Â 0.2 Â 5.0 cm) as the working electrode, a platinum electrode as the counter electrode, and saturated Ag/AgCl electrode (SSE) as the reference electrode. The measurements were carried out over a potential range of À0.5 to +1.2 V (vs. SSE) with a scan rate of 50 mV s À1 .
Kinetic Modeling
Speciation calculations were performed using Visual MINTEQ (Version 2.61, KTH Stockholm) while kinetic modeling was undertaken using Kintek Explorer [33] . Analysis of the sensitivity of species concentrations in the model to perturbations in various rate constants was undertaken using Kintecus by determining normalized sensitivity coefficients (NSCs) following previously published methods [34, 35] . NSCs were determined numerically at 10 equally spaced time intervals over a one hour duration of E-Fenton reactions following the addition of Fe(II) and Fe(III) stock solutions, respectively.
RESULTS
Cathodic Generation of H 2 O 2
The cathodic production of H 2 O 2 (Eq. (1)) following thirtyminute air sparging in the pH 3.0 electrolyte solutions has been investigated, as shown in Fig 4) and (5)) and/ or indirect reaction mediated by the cathodic reduction of Fe(III) to Fe(II) (Eq. (6)).
Variation of Fe(II) and Total Fe
It can be observed from Fig. 2a that one hour after commencing the reactions, the concentration of Fe(II) decreased to 0.7 and 1.2 mM following the addition of 5.0 and 10.0 mM Fe(II), respectively. A sigmoidal variation in concentration of Fe(II) is evident with the decrease in Fe(II) concentration proceeding slowly during the first ten minutes, presumably due to the limited amount of H 2 O 2 cathodically generated at these early times followed by a progressive increase in the decay rate as the amount of H 2 O 2 increased and again slowing down at later times when low residual concentrations of Fe(II) were present. In comparison, after one-hour reaction, the concentration of Fe(II) increased to 1.5 and 2.5 mM following the addition of 5.0 and 10.0 mM Fe(III) respectively ( Fig. 2b) , demonstrating that the reduction of Fe(III) species to Fe(II) occurs in the E-Fenton system (Eqs. (4)-(6)).
As observed from Figs. 2c and 2d, the total Fe concentration (the sum of the concentrations of Fe(II) and Fe(III) species) in the solution was observed to decrease by 19.2% and 21.5% during onehour reaction following the addition of 5.0 and 10.0 mM Fe(II) respectively to the E-Fenton system, while total Fe concentration was reduced by 15.5% and 17.4% following the addition of 5.0 and 10.0 mM Fe(III) respectively. Here the loss of total Fe from solution can most likely be attributed to the adsorption of Fe(II) and Fe(III) species to the electrodes as FeOOH(s) precipitation is not expected, as noted earlier, at the pH and total Fe concentration used. It should also be noted that the amount of total Fe in the solution decreased by $15% while $90% of Fe(II) was removed from solution following one-hour reaction ( Fig. 2a and c) , indicating that the transformation of Fe(II) to Fe(III) (Eq. (3)) is a significant process in the E-Fenton system under investigation here.
Formation of OH
Significant production of Phth-OH (and, by inference, OH) was observed following the addition of Fe(II) to the E-Fenton system, (Fig. 3a ). With addition of 5.0 and 10.0 mM Fe(III) into the system, on the other hand, 1.3 and 2.0 mmoles of OH respectively (equivalent to cumulative concentrations of 3.9 and 6.1 mM respectively) were generated over a onehour reaction time (Fig. 3b ). In addition, it can be observed from Fig. 3a that 0.4 mM OH can be produced within one-hour reaction in the absence of Fe ions, suggesting that OH could be produced from the oxidation of water at the anode, as shown in Eq. (7).
DISCUSSION
By conducting a variety of kinetic and manipulative experiments, we have been able to develop a kinetic model for the cathodic generation of H 2 O 2 and the resultant generation of OH on addition of either Fe(II) or Fe(III) to the electrochemical reactor at pH 3. Core components of this model are the inclusion of (i) electrochemical reactions resulting in the production of H 2 O 2 and OH, (ii) homogeneous Fenton reactions and (iii) surface reactions. While the nature of the reactions involved in the homogeneous Fenton process are reasonably well understood [12, [35] [36] [37] , quantitative understanding of the processes controlling oxidant production in the E-Fenton system is quite preliminary and is in need of substantive development if the E-Fenton mediated oxidation of contaminants is to be reliably optimized.
Production of H 2 O 2 and OH at the Electrodes
Under acidic conditions, O 2 is known to undergo reduction reactions on the surface of a cathode via: (i) an H 2 O 2 pathway (Eqs.
(1) and (8)) and/or (ii) a direct four-electron pathway (Eq. (9)) [11] :
Although the two-electron reduction of O 2 to H 2 O 2 (Eq. (1)) is favoured over its four-electron reduction to water (Eq. (9)) under acidic conditions (E 0 = 0.695 V vs. SHE for Eq. (1) compared to E 0 = 1.23 V vs. SHE for Eq. (9)) [8] , the presence of parasitic reactions (such as Eqs. (8) and (9)) lowers current efficiency (h, %) for H 2 O 2 accumulation (Eq. (10)): Table 1 ); Error bars are sample standard deviations from triplicate measurements. Experiments with DC power supply (* and !); Experiments without DC power supply ( and 5 ).
where I is the current intensity (0.5 mA), t is the time that constant current is applied, n is the number of electrons transferred per molecule in the reaction of interest (n = 2 for the reduction of one Fig. 1 . By definition, the h is then calculated as 34% over 1 h electrolysis time.
In addition to the cathodic production of H 2 O 2 , OH could be generated at the anode by electrolysis of water (reaction 2 in Table 1 ). The anodic oxidation of water follows pseudo zero-order kinetics (as H 2 O concentration is effectively constant), resulting in a rate constant of 1.0 Â 10 À10 M s À1 deduced from the slope of the production of Phth-OH at pH 3.0 electrolyte solution (Fig. 3a) .
Homogeneous Fenton Reactions
Both the reduction in concentration of cathodically generated H 2 O 2 following the addition of 5 and 10 mM Fe(II) into the E-Fenton reactor (Fig. 1a ) and the decrease in Fe(II) concentration in solution following the initial addition of Fe(II) to the reactor (Fig. 2a ) provide evidence that the electro-generated H 2 O 2 is reacting with the added Fe(II). As the identity and rate constants of the key reactions in the homogeneous Fenton process have been reasonably well established [38] , we can combine this established Fenton reaction set (reactions 3-11 in Table 1 ) with reactions describing the cathodic production of H 2 O 2 (reaction 1 in Table 1 ) in order to assess whether the homogeneous Fenton processes adequately accounts for the time varying concentrations of H 2 O 2 , Fe(II) and OH in the E-Fenton reactor. As can be seen from the model fits shown in Figs. 1a and 2a , reaction 1 and reactions 3-11 are able to satisfactorily describe the reduction in rate of cathodic generation of H 2 O 2 and the observed Fe(II) consumption that occurs with time following the addition of Fe(II). However, the model only incorporating cathodic generation of H 2 O 2 (reaction 1 in Table 1 ) and homogenous Fenton reactions (reactions 3-11 in Table 1) is not able to describe the generation of Fe(II) following the addition of Fe (III) to the E-Fenton system (dotted line in Fig. 2b) , where the simulated generation rate of Fe(II) is negligible compared to the observed rate, further confirming the occurrence of the reduction of Fe(III) to Fe(II) at the cathode surface followed by the initiation of Fenton reactions by Fe(II). More details on these proposed surface reactions are provided in the next section.
By examination of Fig. 3a , it is apparent that one hour after the E-Fenton process was initiated by the addition of either 5.0 or 10.0 mM Fe(II), the total accumulated concentrations of Phth-OH (and, by inference, OH) were 7.2 and 12.2 mM, respectively, which were 2.2 and 2.2 mM higher than the concentrations of Fe(II) added initially. These results not only provide evidence of formation of OH but also suggest that Fe(II) must be regenerated in the E-Fenton system. However, the model incorporating the cathodic generation of H 2 O 2 (reaction 1 in Table 1 ), the anodic production of OH (reaction 2 in Table 1 ) and homogeneous Fenton reactions (reactions 3-11 in Table 1 ) predicts a much lower generation rate of OH following the addition of Fe(II) and Fe(III) into the E-Fenton reactor (dotted lines in Figs. 3a and b) than that deduced from the experimental data. This difference between model and experiment suggests that Fe(II)/Fe(III)-mediated surface reactions may induce the formation of OH via a heterogeneous Fenton process.
Surface Reactions
Although a loss of total Fe from the solution phase was clearly observed in the E-Fenton system ( Fig. 2c and d) , minimal loss of total Fe from solution was observed in the absence of an applied cell potential ( Figs. 2c and d) with this result showing that the concentration gradient-driven diffusion of Fe ions to the cathode is negligible. It can be also observed from Figs. 2c and d that a very similar Fe adsorption profile occurs following the addition of Fe(II) and Fe(III) respectively, suggesting that the difference in the mass/ charge ratio between Fe(II) and Fe(III) has insignificant effect on both adsorption equilibrium and kinetics of Fe ions on the electrode (additional details provided in SI Fig. S1 ). With the equilibrium adsorption constant for the adsorption of Fe(II) (and Fe (III)) to the cathode fixed at $9 Â 10 3 M À1 , we determine values of 4.5 M À1 s À1 and 5.0 Â 10 À4 s À1 for the rate constants of adsorption (reactions 12 and 13 in Table 1 ) and desorption of Fe(II) (and Fe(III)) (reactions 14 and 15 in Table 1 ) based on the best fit to the experimental data for the adsorption equilibrium and kinetics of total Fe following the addition of Fe(II) (and Fe(III)), respectively. Table 1 ); dashed lines are the model values without incorporating surface Fenton reactions (Reaction 17 in Table 1 ). Error bars are sample standard deviations from triplicate measurements.
One of the advantages of the E-Fenton system is that OH can be continuously produced as a result of the electro-regeneration of Fe (II) through the cathodic reduction of adsorbed Fe(III) species. While no significant oxidation or reduction peak was observed in the CV of the control electrolyte, the CV of the electrolyte following the addition of 1 mM Fe(II) revealed a notable reduction peak at $0.55 V vs. SSE (as shown in Fig. 4 ), suggesting that the redox reaction occurring on the cathode of E-Fenton system could be attributed to Fe(III) reduction. To quantify the rate constant for the cathodic reduction of adsorbed Fe(III) (reaction 16 in Table 1 ), the generation of Fe(II) was measured following the addition of 5 and 10 mM Fe(III) into the E-Fenton system, respectively. As can be seen from Fig. 2b (solid Table 1 ) and cathodic reduction of Fe(III) (reaction 16 in Table 1 ) provides a reasonable description of the generation of Fe(II) data at initial concentrations of 5.0 and 10.0 mM Fe(III) with the rate constant for cathodic reduction of Fe (III) (reaction 16 in Table 1 ) determined to have a value of >0.1 s À1 . Some discrepancy between the experimental data and predicted values is evident in Fig. 2b with the discrepancy possibly attributable to the variance in rate constants of surface reactions (Reactions 12-16 in Table 1 ) over time. For instance, the adsorption of Fe(III) during the initial period could occur with a higher rate constant than that at later time due to a loss of surface reactive sites on the electrodes as the reaction proceeds.
Despite the fact that the involvement of surface reactions including electro-sorption of Fe(II) and Fe(III) (reactions 12-15 in Table 1 ) and cathodic reduction of Fe(III) (reaction 16 in Table 1 ) on the electrode improved the performance of the model with regard to prediction of the production of OH in the E-Fenton system (dashed lines in Fig. 3) , the model prediction of the generation of OH is still lower than the experimental data, demonstrating that other surface reactions may well be involved. One possibility is that Fenton processes are occurring at the electrode surface resulting in enhancement of the generation of OH from the cathode. As the generation of H 2 O 2 (reaction 1 in Table 1 ) and sorption of Fe(II) (reaction 12 in Table 1 ) occurred cathodically at the same time, it is reasonable to assume that the surface Fenton reactions are initiated through the interaction of surface-associated Fe(II) with cathodically generated H 2 O 2 (reaction 17 in Table 1 ) followed by the cathodic reduction of generated Fe(III) to Fe(II) (reaction 16 in Table 1 ) enabling the ongoing production of OH. To confirm the occurrence of Fe-mediated surface Fenton reactions in the E-Fenton system, the graphite plates used after one hour operation of the E-Fenton system were withdrawn without being washed and then immersed directly into the same system containing NaSO 4 electrolyte only followed by the monitoring of the generation of a The values of 5.9 Â 10 À9 and 1.0 Â 10 À10 M s À1 represent the rates of Reactions 1 and 2. b OH represents solution-phase hydroxyl radicals; OH(s) represents surface-generated hydroxyl radicals on the electrode; OH tot represents the sum of OH and OH(s). c C presents the surface sites of graphite electrodes; the total number of adsorption sites for Fe ions on graphite electrodes is $26 mM (more details as shown in SI Section S1). OH. It can be observed from SI Fig. S2 that the concentration of OH generated from the pre-used electrodes was 1.0-1.3 mM following 1 h reaction, which was higher than that generated from the anodic oxidation of water (0.4 mM), demonstrating that surface-associated Fe ions are capable of reacting with H 2 O 2 generated cathodically to induce surface Fenton reactions. Due to uncertainty regarding appropriate values for the rate constants of surface reactions hypothesized to be involved in the E-Fenton process, sensitivity analysis (SI Fig. S3 ) was applied in order to identify the relative importance of the various reactions in the proposed model ( Table 1 ) toward generation of OH with time in the E-Fenton system. As the interaction of Fe(II) with cathodically generated H 2 O 2 (reaction 3 in Table 1 ) is the dominant reaction in the set of homogeneous Fenton reactions with regard to the production of OH, the reaction of surface-associated Fe(II) with cathodically generated H 2 O 2 (reaction 17 in Table 1 ) as the only representative reaction of surface Fenton reactions was incorporated into the model with an "arbitrary" rate constant of 1.0 Â 10 2 M À1 s À1 providing an excellent description of the rate and extent of OH formation observed in this study.
CONCLUSIONS
Overall, the general conceptual model advanced in this work extends upon the previous reported kinetic models with two important new features; namely (i) quantitative understanding of cathodic reduction processes (such as H 2 O 2 production and Fe(II) re-generation), and (ii) quantification of the interactions between both soluble and surface associated Fe(II/III) species and reactive oxygen species (such as H 2 O 2 and OH) occurring in the E-Fenton system. The kinetic model presented in Table 1 derived from this conceptual model is able to successfully simulate experimental data obtained over a wide range of conditions (Figs. 1, 2 and 3) . A schematic of the key processes presented in the model is shown in Fig. 5 . Although scope for refinement exists, the results highlight both the importance of understanding the key underlying processes occurring in such systems and the potential for optimising performance based on judicious selection of operating conditions. ACKNOWLEDGEMENT
